Iridium/iridium oxide pH sensors were fabricated by cyclic isothermal heating and water quenching with cycle number equals to one, two and three, respectively. Examining of Nernst response range, pH response rate, and long term stability of the electrodes, etc. suggested that the three-time-oxidized electrodes appeared to show the best integrated performance. Several approaches were adopted to explore the essence of above phenomena. Morphology and composition investigations indicate a two-layer structure of the surface oxide film, i.e., dense inner layer and porous outer layer, with oxygen concentration decreases gradually from surface to iridium substrate. Raman spectroscopy implies good crystal quality of the fabricated iridium oxide after hydration. XPS illustrates that effective compositions of the electrode surface are IrO 2 and Ir(OH) 4 . EIS of the IrO x electrodes were investigated in pH buffers to analyze their pH response mechanism. Combining cross section observation and EIS results, the good performance of the three-time-oxidized electrode is attributed to the thicker porous outer layer showing more effective hydration, larger active surface area, and smaller reaction resistance in pH detection. Hydration does not show apparent influence on pH sensitivity of the fabricated electrodes. However, a sufficient hydration is benefit for reducing the potential shift in long term application.
Hydration does not show apparent influence on pH sensitivity of the fabricated electrodes. However, a sufficient hydration is benefit for reducing the potential shift in long term application.
pH is a so important parameter for daily life and industries that the fast and precise detection of pH value is of great importance. The most widely used pH sensor is the glass electrode. However, due to the intrinsic nature of the glass membrane, its drawbacks are apparent, such as high input impedance, easily broken, inadaptable to HF solutions, etc. Furthermore, it is difficult to be miniaturized, which withhold their application in micro-environment and on-line detection in vivo. Therefore, many efforts have been made to develop other kinds of pH sensors, as well as clarify the pH response mechanism of them. [1] [2] [3] [4] [5] [6] Among which, metal/metal oxide pH electrodes were defined as the best choice due to their obvious advantages in fabrication, miniaturization, maintenance, cost, as well as their optimum performance in pH response. Metal/metal oxide sensors can even be adopted to detect the pH value in severe environment such as high temperature, high pressure systems and HF solutions.
Many metal/metal oxide electrodes have been studied, such as SbPb oxide, Sb 2 O 3 PtO 2 , IrO 2 , RuO 2 , OsO 2 , Ta 2 O 5 , RuO 2 , TiO 2 , SnO 2 electrodes, etc. [6] [7] [8] [9] In a synthetic evaluation, by comparing their sensitivity, Nernst response range, ion selectivity, interference of oxidation and reduction, and potential drift, the iridium oxide (IrO x ) electrode was suggested to be the most promising one for pH detection. 1, 2 The performance of IrO x pH electrode differs with its fabrication method. Up to now, the main approaches for fabricating IrO x electrode include electrochemical cyclic voltammetry (CV), 2,4-6 electrodeposition, radio frequency (RF) magnetron sputtering deposition, 10, 11 high temperature carbonate oxidation and thermal oxidation.
L. D. Burke et al. produced so called anodic iridium oxide film (AIROF) by CV with the potential scan range of 0∼1.5 V (vs SHE) in 1M H 2 SO 4 .
2,4 Kinoshita et al. 5 and Hitchman et al. 6 fabricated the IrO x electrodes by CV presented different E-pH linear range. The application of AIROF electrodes was restrained due to its unsatisfied reproducibility. RF magnetron sputtering deposition is another widely used method to fabricate IrO x electrode, providing good film-to-substrate adhesion and reproducibility of Nernst response (59 mV/pH). 10, 11 However, the open circuit potential of the electrode and the interference of the redox ions rely greatly on the sputtering parameters. In addition, the comprehensive cost of this process is relatively high.
Other approaches, such as electrodeposition, 12 high temperature carbonate oxidation, [13] [14] [15] IrCl 3 thermal decomposition, 16 polymeric precursor method 17 and sol-gel fabrication process 18 were also applied to fabricate IrO x electrode. Among which, IrO x electrode developed by electrodeposition showed response sensitivity of 70 mV/pH. 12, 19, 20 The adhesion of IrO x film to the substrate was poor. Moreover, the plating bath is difficult to prepare and maintain. Sheng Yao et al. and Chen Xu et al. fabricated the IrO x electrodes by high temperature carbonate oxidation. [13] [14] [15] Although there is quite large deviation in potential value among electrodes, the reproducibility of their pH electrodes is acceptable. It was indicated that the heat-treatment condition have influences on surface morphology and uniformity of the electrode, which further impacts the electrode stability and response rate. 15 Other researchers fabricated the IrO x electrodes by thermal oxidation. 4, 5, 21 The oxide film developed by this approach is dry film, which is similar to the IrO x made by RF magnetron sputtering deposition. The IrO x electrodes show wide E-pH linear range, good stability and high response sensitivity close to Nernst response. Its drawbacks include the relatively poor adhesion of surface film to the substrate and the large potential drift caused by hydration, etc.
So far, researches on iridium oxide pH electrode were mainly focused on preparation method and property examination of the electrodes. [12] [13] [14] [15] [21] [22] [23] Few reports involve the mechanism of pH response. Comparing with the simple ion exchange mechanism for glass pH electrode, the H + (pH) response mechanism for metal/metal oxide pH electrode is more complicated. There was still no consensus on pH sensing mechanism of iridium oxide up to now. Several possible models have been proposed on the basis of pH dependent redox equilibrium between two oxidation states of the iridium oxide. Among which, the "oxygen intercalation" mechanism 1 best described the sensing mechanism of the electrode fabricated by high temperature carbonate oxidation. 24 Based on this hypothesis, the iridium oxide couple with different valences reach the following equilibrium in the solution:
where According to the Nernst formula,
E = E 0 − 59.16pH [4] In which, the standard potential, E 0 , is 681 mV (SCE). The equilibrium potential, E, is pH dependent. At 25
• C, the Nernst response slope is −59.16 mV/pH (equation 4). More than one H + participated in the pH response reaction was believed to cause the "super Nernst response".
2 IrO x electrodes fabricated by CV, usually in amorphous or even gel state and highly hydrated, show super Nernst response of 60∼80 mV/pH, 2, 4 while the sensitivities of IrO x electrodes fabricated by other methods were close to the Nernst response. It is noted that "oxygen intercalation" mechanism does not take into account the hydration of iridium oxide film. Most pH response mechanism studies for the iridium oxide electrode were concentrated on the electrode reaction and thermodynamic equation, 4, 6, 24, 25 however, the kinetic response process was rarely mentioned.
Accordingly, iridium oxide electrode fabrication is still under development. pH response behavior relying on composition and microstructure of the oxide film remains open for further study. In this work, thermal oxidation approach, i.e., isothermal heating followed by water quenching process, was adopted to fabricate IrO x electrodes. Their integrated performances on pH sensing were examined. The influences of heating and quenching (H&Q) cycle number (i.e., cycle number of oxidization) and hydration were intensively investigated by combining the morphology, composition, Raman spectra and X-ray photoelectron spectroscopy (XPS) surveys. Furthermore, the pH response mechanism and the kinetic process of pH response of the electrode were analyzed by electrochemical impedance spectra (EIS).
Experimental
Iridium wires ( 0.5 mm, purity>99.9%, purchased from Cuibolin Non-Ferrous Metal Technology Development Center) of 10 mm were immersed in 5M NaOH solution for 24 hours. Then, they were oxidized for 30 min in air at 800
• C, and immediately followed by quenching treatment in large amount of deionized water at room temperature. The above H&Q process was carried out for 1∼3 times, respectively. Based on our early exploration work, if the H&Q process was repeated for 4 times, the film was full of cracks and easy to fall off. Subsequently, the wires were hydrated in deionized water for more than 2 days. As the result, a layer of dark-blue film was generated on the surface. After wiring and sealing, 5 mm of Ir wire was exposed for pH response. The pH electrodes were maintained in deionized water.
The E-pH relationship, sensitivity, response rate and stability of the developed Ir/IrO x electrodes were examined. 0.01M H 3 PO 4 + 0.01M H 3 BO 3 + 0.01M CH 3 COOH + 0.1M KCl were used as the pH buffer solution. 0.1M NaOH and 0.1M HCl solutions were used for pH adjustment. pH = 1∼13 Solutions were prepared with a calibrated PHS-3ST digital meter glass pH electrode.
Electrochemical tests were performed by CHI650D with threeelectrode system using saturated calomel electrode (SCE) and platinum plate as the reference and the auxiliary electrodes, respectively. All the tests were performed under room temperature of 22 ± 3
• C. For EIS tests, the scan frequency was in the range of 10 5 Hz∼0.01 Hz, and ZSimpWin was used for data analyzes. All the potentials in this paper are versus SCE.
Top image and cross-section of the electrodes were observed by FEI Quanta250. Composition of iridium oxide layer was analyzed by EDS. Raman spectra were recorded at room temperature using argon ion laser with k = 532 nm as exciting source (HR800, JY, France). XPS (AXIS ULTRA DLD) survey of the iridium oxide oxidized for three times was performed employing Al Kα (hυ = 1486.6 eV) irradiation as the photosource. Binding energies (B.E.) were calibrated by C 1s standard electron peak (284.8 eV). Xpspeak41 software was used for data fitting, which were carried out graphically within the constraints of Gaussian peak shapes.
Results

IrO x Electrode property examination.-E-pH
Response. -Figure 1 illustrates the typical pH response of the IrO x electrodes produced by one, two, and three times of H&Q, respectively. It is seen that all the IrO x electrodes fabricated by thermal oxidation approach show good linear E-pH relationship in the entire examined pH range of 1∼13. This result is better than many reported data in the literature showing the linear range of 2-12. 6, 15, 22, 23 Although the absolute value of potentials varies with the electrodes to some extent, the pH sensitivity is quite similar (−55∼−57 mV/pH), which is close to the Nernst response. Response rate.-The potential-time curves in different pH buffer solutions were detected to evaluate pH response rate of the electrodes. According to the rules of International Union of Pure and Applied Chemistry (IUPAC), the electrode can only be considered as achieving steady state when the change rate of the electrode potential reduces to less than 1 mV/min. 3 Obeying this criterion, the time period needed for potential stabilization was defined as the response time of the electrode. Figure 2 shows the response time and the corresponding error bar distribution of the IrO x electrodes prepared with different oxidation cycle numbers. It is found that all of the fabricated electrodes could respond in pH buffer solutions in less than 120 sec. Among them, the electrodes H&Q treated for three times performed the best. Figure 2 also indicates that the IrO x electrodes generally respond faster in acid environment than in alkaline environment. Taking the electrodes oxidized for three times as the examples, the response time is less than 10 sec in acid solutions, and 30∼60 sec in alkaline solutions, respectively. The above response rate is faster than many other metallic oxide pH electrodes in the literature showing more than 1 min for stabilization. 3, 15 In addition, the pH response rate of the IrO x electrode was also verified through continuous detection of the electrolyte with pH value adjusted step by step from 1.03 to 13.14. Long term stability test.-The long-term stability of the electrodes is also an important parameter for pH sensing. However, it has been ignored by most of the researchers. 2, 10, 15 Long term stability tests of electrodes with different H&Q times were monitoring in different pH buffers in three months, the results in pH = 4 and pH = 11 buffer were shown in Fig. 3a . The three-time-oxidized electrode had the smallest potential shift, while the results of other two conditions were somewhat scattered. Through three months examination, the sensitivity of the electrodes was found to rise slightly with the prolongation of time, indicating satisfied pH sensitivity for all the fabricated IrO x electrodes. Among which, the three-time-oxidized ones had the best performance, keeping the pH sensitivity of 56 ± 1 mV/pH in three months (Fig. 3b) 
B187
The morphology is different from the iridium oxide films fabricated by other approaches such as electrochemical CV and the thermal decomposition, which are usually loose and full of cracks. 19, 22, [26] [27] [28] Even in the top images, it is apparent that more layers of particles could be recognized in the three-time-oxidized IrO x electrode implying a more three-dimensional pattern.
In addition, the cross section morphologies of the electrodes oxidized for different times and hydrated for 2 days were examined, respectively. The results were illustrated in Fig. 5 . It is seen that the surface film consists of two parts, i.e. the inner homogeneous and dense layer, and the outer hydrated and porous layer. EDS analyzes indicate a oxygen content decrement from the surface to the substrate. With the increment of H&Q cycle number, the interface of the inner layer and the outer layer become more obvious, the thickness of the outer layer increases, and the outer layer becomes more porous implying much larger real surface area. Therefore, besides of temperature, duration time and atmosphere for thermal oxidation mentioned in the literature, 15 it is demonstrated that the oxidation cycle number is also an important factor affecting the characteristics of oxide film. Raman spectroscopy.-Raman test was performed to investigate the effect of hydration. The former results manifested the electrode oxidized for three times had the best integrated properties, thus, the present study on hydration was carried out with the three-time oxidized electrode.
Raman spectra of the three-time-oxidized electrode before and after hydration were illustrated in Fig. 6 , in which, the bands at 127.4, 142.2, 204.7, 473, 550.6 and 728 cm −1 were found in the spectrum of IrO x electrode prior to hydration process, while the wave number of the bands obtained after hydration were 492, 562.5, 728 and 754.1 cm −1 . Hydration of iridium oxide causes atom rearrangement and the enhancement of compressive stress in the crystal leading to Raman blue-shift. 31 It is found that the bands at 562.5, 728 and 754.1 cm −1 in the spectrum obtained after hydration are close to the first-order single crystal Raman modes of IrO 2 namely E g , B 2g and A 1g modes, located at 561, 728 and 752 cm −1 , respectively, 29,30 which announces a good quality of the surface film after hydration. XPS survey.-Surface composition and element chemical state of the three-time-oxidized electrode after hydration were analyzed by XPS. In the spectrum, the two top intenselines, Ir 4f (Fig. 7a) and O 1s (Fig. 7b ) spectra, were recognized.
Deconvolution of the broad Ir 4f signal (Fig. 7a) showed one structure at 62.4 eV, 4f(7/2) and 65.35 eV, 4f(5/2) reflecting the presence of Ir 4+ due to high temperature heating in air. The other one appeared at 64.25 eV, 4f(7/2) and 67.2 eV, 4f(5/2) seem to announce the existence of Ir 6+ , a defect structure previously suggested by Kim et al. 35 The fitting data were displayed in Table I , which were consistent with the reported data. [32] [33] [34] [35] The O 1s spectra (Fig. 7b) cess. The excess oxygen may be attributed partly to oxygen-containing species adsorbed on the samples' surface, such as hydroxyl groups, water or adsorbed O 2 .
EIS tests.-In order to explore the electrode response essence in different pH range, EIS tests were performed in pH = 4 and pH = 11 buffer solutions, respectively. Taking pH = 4 case as the example, the EIS results of IrO x electrodes immersed in pH = 4 buffer solution are shown in Fig. 8 . It is seen that all the three electrodes prepared under different oxidation conditions show two time constants. The arc appearing at high frequency corresponds to the electrochemical response of IrO x film in pH = 4 buffer solution, while the other one at low frequency represents the property of IrO x film. Meanwhile, all the Nyquist plots in Fig. 8b show a diffusion tail at low frequency indicating a mass transport process. EIS curves can be fitted well by using the equivalent circuit shown in Fig. 9a . The results are shown in Table II , in which R s , R 1 , and R ct are solution resistance, resistance of hydrated film, and resistance of pH response reaction, respectively, while W is the Warburg impedance.
It is found that the film resistance (R 1 ) and the reaction resistance (R ct ) of all electrodes made by the present thermal oxidation approach are relatively small, indicating an easy-to-occur pH response reaction. R 1 is almost ten orders of magnitude lower comparing with the traditional glass pH electrode. 15, 36 Particularly, the reaction resistance (R ct ) decreased from 558.0 · cm 2 to 126.4 · cm 2 after H&Q was repeated for another two times. The fitting results obtained in pH = 11 buffer solution were also displayed in Table II for comparison. It is apparent that R ct in acid electrolyte is much lower than those in alkaline electrolyte indicating a much easier occurrence of the pH response reaction.
Discussion
It was believed that the iridium in iridium oxidation presents in various valences, such as +1, +2, +3, +4 and +6. 37 The transformation among different valences of IrO x leads to the ability for pH response. 4 . According to our studies, there is IrO 2 on electrode surfaces, and no sign of Ir could be detected. Thus reaction 2 is regarded as the pH response reaction if the electrodes were not hydrated.
If the electrodes were not hydrated or not sufficiently hydrated, there would be large deviation of potential shift when the electrodes were applied in practical measured system. 3, 15 Our experiment manifested that the three-time-oxidized electrodes had better hydration with the smaller potential shift comparing with the other two cases (Fig. 3) . The hydration of iridium oxide is revealed by reactions 7 and 8. 4, 36 Cross section morphologies of the electrodes (Fig. 5c ) illustrate that the most effective hydration process occurred in the outer layer of iridium oxide film. The hydration process either induced a phase transformation or dissolved the outer layer causing pores which may also be due to the H&Q process, concerning which, further study is necessary before we can draw a clearer profile. 
After hydration process, the pH response reactions are proposed as reactions 9, 4, 36 where H f + is the H + ions inside the outer layer of the hydrated film (Fig. 5c) , H s + is the free H + in the solution. Different from the super Nernst behavior of the IrO x electrodes fabricated by CV, it is proved by equation 10 that the hydration process does not have influence on pH sensitivity of the thermal oxidized IrO x electrodes. While the long-term stability test (Fig. 3 ) also manifested the hydration only affected the intercepts rather than the pH sensitivity which is always near to Nernst response. With the prolongation of time, the changes of the absolute value of the potential of the threetime-oxidized electrode became smaller. This means the hydration made the electrodes more stable and a sufficient hydration will reduce the potential shift of each sensor in long term application. On the other hand, the ratio of Ir 4+ and Ir 3+ decide the value of E 0 (Equation 10). This could explain why the E 0 values of IrO x electrodes are somewhat scattered, however pH sensitivity of the fabricated electrodes were quite similar (Fig. 3) .
EIS results demonstrate that the film resistance and reaction resistance of the electrodes made by thermal oxidation are relatively small. Particularly, the reaction resistance decreases with the increment of H&Q cycle number. Meanwhile, the diffusion impedance at low frequency indicates that the electrochemical behavior of the electrode was controlled by mass transport process, i.e., the reaction rate is determined by H + diffusion rate. 38, 39 Through Fig. 5 , it is seen that the thickness of the porous outer layer of surface film increases with the increasing oxidation cycle number, resulting in larger real surface area and more active sites of the electrode. These phenomena imply that the better performance of three-time-oxidized IrO x sensor might attribute to the effective hydration and larger active surface area in the porous outer layer, as well as the promoted H + transportation through the pores and channels in the surface film.
Conclusions
IrO x pH electrodes were fabricated by thermal oxidation approach with different oxidation times. It is demonstrated that the three-timeoxidized electrodes show the best integrated performance, including excellent Nernst response relationship in the whole pH range of 1∼13, high response rate, good long term stability of potential and E-pH slope, and successful behavior in destructive test, etc. It is found that the developed pH electrode response faster in acid electrolyte than in alkaline electrolyte.
After hydration process, top image show that the surface film of the electrode surface consists of micro and sub-micro particles, while cross-section morphology illustrates the presence of dense inner layer and porous outer layer. With the oxidation times increases, the electrode surface film show thicker outer layer with larger pores which provides more channels and real surface for pH response.
Raman spectrum announced the good surface crystal quality of the three-time-oxidized electrode after hydration. Sufficient hydration process could reduce the potential shift of the thermal oxidized IrO x electrodes in long term application while not influence the sensors' pH sensitivity. XPS results suggested the effective sensing surface compositions were proposed to be IrO 2 and Ir(OH) 4 . EIS tests showed a relative smaller reaction resistance for pH response comparing with those obtained by other fabrication approaches in the literature. The electrochemical behavior of the electrode was controlled by mass transport process, i.e., the diffusion of H + . The more porous outer layer of the three-time-oxidized electrode, providing more active sites and channels for pH response was thought to be the reason for an accelerated pH response rate.
